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This invention relates to control of artillery
fire and particularly to electrical means for com-
puting the values to be used in controlling fire
against rapidly moving targets.

The object of the invention is to compute for &

8 gun the fuse range and the angles of elevation
and azimuth which will direct the fire of the gun
to the predicted position of a moving target.

A feature of this invention is & method of mak-

ing predictions of the future position of the tar- 10

get which has only one major feedback involved
in the prediction. This feedback consists in the
use of the time of flight Af, which depends upon
the predicted position, in the calculations of the

increments which are to be added to present posi- 15

tion data to give the future position. It has been
the practice of many director designers to use not
only this type of feedback but to use also formu-
lae as a basis of their predictions which involve

directly the time of flicht Af, the present posi- 20

tion coordinates and the future position coor-
dinates. This introduces multiple feedback loops
which have detrimental eﬁ‘ects on the stability of
the instrument.

Another feature of the invention is the conver- 25

sion by electrical means of measurements taken
in polar coordinates into the corresponding rec-
tangular coordinates.

Another feature of the invention is the deriva-

tion, from the measurements taken at the point 30

of observation of electrical voltages proportional
to the rectangular coordinates of the predicted
position of the target at the gun.

Another feature of the invention is the correc-

tion of the vertical coordinate of the predicted 35

position of the target for the superelevation of
the gun.

A further feature of the invention is, by elec-
trical means to derive a motion proportional to

the time of flight of the shell from the gun to 40
into predicted data a correction for the super-
T elévationof the guny —

the predicted position of the target and to use_

this motion to control those factors in the rang-
ing of the gun which vary with the time of flight
of the shell.

Another feature of the invention is to derive 4

from the motion proportional to the time of flight
of the shell a motion proportional to the appro-
priate setting of the fuse for such time of flight.

A further feature of the invention is the cal- 5

_ culation of all predicted values and corrections

50

(CL 235——61 5)

2

by means of a null method so that fluctuations of
the energizing voltages used in making the calcu-
lations will not introduce errors in the results
provided all the voltages used rise and fall to-
gether, It is a further property of this method
that all energizing voltages are made to depend
on a single voltage source so that they all fluc-
tuate only as this primary source fluctuates,

A further feature of the invention is the con-
version of the rectangular coordinates of the pre-
dicted position of the target as seen at the gun
into the angles of azimuth and elevation to be
applied to the gun.

Further features of the mventmn will be appar-
ent from the following description, combined
with the drawings in which:

Fig. 1 gives the geometry of the director, tar-
get and gun;

Fig. 2 is a schematic drawing of the complete
system;

Fig. 3 shows the mechanism for tracking the
target;

Fig. 4 diagrammatically shows the mechanism
for converting polar coordinates into voltages
proportional to the rectangular coordinates;

Figs. 5 and 6 show a type of potentiometer
card forming an element of the device in Fig. 2;

PFig. 7 diagrammatically shows apparatus for
modifying a rectangular coordinate of the pres-
ent position of the target to produce a voltage
representing the predicted position of the target
with respeet to the gun;

Fig. 8 diagrammatically shows apparatus for
converting voltages proportional to the rectangu-
lar coordinates into quantities proportional to
the corresponding polar coordinates;

Fig. 8A schematically shows the control circuit

of Fig. 8;

Fig. 9 diagrammatically illustrates apparatus
for modifying the coordinate of height to add

Fig. 10 diagrammatically shows apparatus for
deriving a voltage proportional to the time of
flicht of the shell and of moving a series of de-
vices proportionally to this time;

Fig. 11 diagrammatically shows apparatus for
converting the time of flight of the shell into a
motion proportional to the fuse setting; and

Pig. 12 schematically shows a repeater for sum-
wing up a plurality of voltages.
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In Fig, 1, To represents the target, D the di-
rector or point of observation, and G represents
the gun. By means of any known form of range
finder the slant distance ro between the director
and target is measured. Also by any suitable
instrument, such as the tracker shown in Fig. 3,
the angle of azimuth «o between some assumed
axis and the target is measured and the angle of
elevation e between the horizontal at the direc-
tor and the target is also measured. Let the
origin of the rectangular coordinates be at the
director, let the azimuth angle «o be measured
from any desired line which is considered as the
positive X axis, and let zc, yo and ve be the rec-
tangular coordinates of the gun with respect to
the director,

The rectangular coordinates of the target from
the director are

Tp=To COS e0 COS a0
Yo=To COS eo Sin «o
Po=ro sin eo

L

The horizontal range
()

When expressed in rectangular coordinates, the
position of the target with respect to the director
can be converted into the position of the target
with respect to the gun by algebraic addition of
the coordinates with proper attention to the alge-
braic signs.

ho=ro COS €0

r=To+Ic
Y=Yo+Ya
V="Uy+Va

Next consider the increments to these rectangu-
lar coordinates which must be added to obtain the
coordinates of the predicted position of the tar-
get., These increments are given by

Ar=2gAl
Ay=1jAt
Av="0pA{

where Af is the time of flight of the shell from the
gun to the predicted position of the target, and
this time is as yet undetermined.

An advantage gained through use of rectangu-
lar coordinates for making the predictions is that
the increments computed from observations made
at the director can be used without modification
as the increments to be added at the gun to give
the true predicted position of the target.

Thus the rectangular coordinates of the pre-
dicted position of the target with respect to the
gun are

(3)

4

$p=I0+19+ioAi

Yo="Yot+Ya+ oAt

v,=vo+vg+1}0At

In Fig. 2 a voltage ro proportional to the read-
ing of the range finder, and angular indications
respectively proportional to the angles of azimuth
and elevation are supplied to the coordinate con-
verter | which converts these indications into
electrical voltages proportional to the rectangular
coordinates xo, ¥o and vo of the present position
of the target as seen from the director or point
of observation. The arrow-headed light lines in
Fig. 2 represent electrical voltages supplied from
one part of the system to another, the arrow-
headed heavy lines in Fig. 2 represent mechani-

(3)

cal motions, of which only the motion propor- 7

tional to Af, the time of flight of the shell, is fed
back to control the magnitudes of the voltages in
the system.

These voltages are supplied to prediction mech-
anisms where they are differentiated with respect
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to time to give voltages which, when multiplied
by the time of flight A will give the respective
increments. These increments are added to the
original coordinates together with the gun coor-
dinates to give the rectangular coordinates of the
predicted position with respect to the gun.

The voltages proportional to Zp and yp are sup-
plied to the coordinate converter 3 which sets it-
self to indicate the angle «f, the azimuth angle
at the gun corresponding to the predicted position
of the target, and also produces a voltage pfo-
portional to the horizontal distance from the gun
to the predicted position of the target.

The voltage proportional to the predicted ver-
tical height of the target with respect to the
gun is combined in the network 5 witii a correc-
tion voltage depending upon the superelevation
to be applied to the gun, obtained from the cor-
rector 4. :

This voltage vs as corrected, together with the
voltage proportional to the horizontal projection
of the target obtained from the coordinate con-
verter 3, is supplied to the coordinate converter
6 which sets itself to indicate the angle of eleva-
tion e of the gun at the instant of firing, and
produces a voltage proportional to the slant dis-
tance rv from the gun to the superelevated posi-
tion of the target.

Voltages respectively proportional to kp, vs and
rv are supplied to the ballistic converter T which
sets itself to indicate the time of flight Af from
the gun to the predicted position of the target,
and at the same time, as indicated by the line
joined to the output of this converter, adjusts
those elements of the predictors 2, the network
4 and the network 8 which are proportional to
the time of flight.

The ballistic converter also delivers to the fuse
setting network 9, a voltage proportional to the
time of flight of the shell which is corrected in
this network for the dead time required to pre-
pare the gun, set the fuse and fire the gun, and
then converted into a motion proportional to
the setting of the fuse. This motion may be
transmitted in any desired manner to the mem-
bers of the gun crew to indicate the setting of
the fuse.

When this system is used in connection with
guns, such as machine guns, using solid ammuni-
tion, the fuse setting network 9 may be omitted.

The coordinate converter { is shown in greater
detail in Fig. 4. One of the main elements of
this device is a potentiometer arrangement |l
which gives a voltage representing a complete
sinusoidal function. In Fig. 5 is shown a curve
varying in accordance with the familiar sinu-
soidal function. Such a function has a positive
value in the first two quadrants and a negative
value in the last two quadrants of a complete
revolution.

Since physical resistances have only positive
values it is necessary to use polarities of the volt-
ages across the potentiometers to get the change
in sign of the function. Thus the complete func-
tion is represented by a resistance shaped as
shown in Fig, 6 with the voltages across the two
halves of the resistance having opposite polarity.
The resistor may be made of suitable resistance
wire or material formed of some resistance com-
position, or may be wound around a flat strip of
some insulating material which is subsequently
formed into a.circle, the insulation on the wire
on the top edge of the strip being removed, and
a wiper arranged when rotated to rub over these
bare wires. The circuit may conveniently be
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arranged so that the potentiometer is connected

. to ground at the points where the sinusoidal
function passes through zero. The shape of the
flat strip of insulating material may be deter-
mined by a consideration of the voltage to be
produced at the wiper.

Let
w=width of card varying with angle «,
R=resistance per unit length of wire,
n=turns of wire per unit length of card,
Rm—=total resistance of wire for whole card.

Then resistance per unit length of card is
2nRw, and the resistance to the wiper at angle «
is

Ra= L “onRw.do

and
_ 1 dRa
Y=2E da
But, the voltage selected by the suiper is to vary
- with sin «, the maximum value Rm of the resist-
ance of the potentiometer representing the max-
imum value, unity, of sin e.
Thus
_ 1 dBmsina) Rn
InR’ de  2nR 0S¢

The width of the card and the resistance per
unit length of the winding vary with the rate of
change of sin «, that is, cosine «. As shown in
Fig. 4 the circularly arranged potentiometer i,
is grounded at diametrically opposite points 74,
715. A voltage from the source 12 is applied to a
potentiometer 13 grounded at its mid-point,
Two wipers 10, 71 moved in accordance with the
readings of the range finder produce voltages,
respectively positive and negative, proportional
to the range., These voltages are applied to dia-
metrically opposite points 72, 73 of the poten-
tiometer 11. The wipers 14 and |5 bearing upon
the potentiometer (I are moved in accordance
with the angle of altitude of the target as ob-
served. If desired, the potentiometer |1 may
conveniently be mounted on a tracking mecha-
nism as shown in Fig. 3 and the wipers {4 and
{5 may be directly moved by the altitude track-
ing telescope, or any desired intermediary may
be used such as gearing, a flexible shaft or Selsyn
motors, to produce an angular movement of the
wipers proportional to the angle of altitude
moved by the telescope.

With the potential applied to the potentiom-
eter {1, as shown, zero angle being at the point
74 and the wiper 14 rotating counter-clockwise,
the wiper 4 will have, during one revolution, a
potential with respect to ground, varying in sinu-
soidal fashion from zero, fo positive maximum,
to zero, to negative maximum back to zero. The
potential of this wiper with respect to ground
thus varies as a positive sine. If another wiper
be located 180 degrees from the wiper i4, during
one revolution of these two wipers, the second
wiper will have a potential with respect {o ground
varying in sinusoidal fashion from zero, to nega-

7 tive maXimum, to Zero, to positive maximum™

back to zero. The potential of this second wiper
will thus vary as what may be termed a negative
sine, The same variation will also be produced
if the wiper 14 rotates in a counter-clockwise
direction from a zero angle at the point 75 of the
potentiometer. If the wiper 14 rotates in a clock-
wise direction from a zero angle at the point 14,
the potential of the wiper {4 with respect to

- ground will vary with what may be termed a neg-

10

20

ative sine, and if the wiper 14 rotates in a clock-
wise direction from a zero angle at the point 75,
the potential of the wiper {4 with respect to
ground will vary as a positive sine. Also, if the
polarities of the potentials applied to the points
12, 13 be reversed, the sign of the function will
be reversed. Thus, the sign of the function may
be reversed by a reversal of the direction of the
wiper, a reversal of the direction of rotation, a
reversal of the point selected as zero angle, or a
reversal of the polarity of the applied potential.
‘When the wiper 14 is rotating counter-clockwise,
the wiper 15 leads the wiper 14 by an angle of 90
degrees, thus the wiper t5 will have a potential
with respect to ground varying as a positive co-
sine. The factors which reverse the sign of the
functional variation of potential of the wiper {4
will also reverse the sign of the functional vari-
ation of potential of the wiper 15, Further, if
the cosine wiper leads the sine wiper by 90 de-

- grees, the cosine function has the same sign as
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the-sine function; if the cosine -wiper lags be-
hind the sine wiper by 90 degrees, the cosine
function has the opposite sign to the sine func-
tion.

With zero degrees at the point 74, and coun-
ter-clockwise rotation, the positive wiper 14 will
have a potential with respect to ground propor-
tional to the range multiplied by the positive sine
of the angle of elevation of the present position
of the target, that is, to ve, the vertical height of
the target above the horizontal plane at the point
of observation. The wiper i5 is placed at right
angles to the wiper {4 and selects a voltage pro-
portional to the cosine of the angle of elevation,
thus this wiper will have a positive potential with
respect to ground proportional to the product of
the range multiplied by the positive cosine of the
angle of elevation, that is, the horizontal dis-
tance from the point of observation to the pro-
jection of the present position of the target on
the horizontal plane. This voltage is supplied
through a repeater 16, which may conveniently
be of unity voltage gain, and acts to electrically
isolate the wiper |5 and reverse the polarity of
the potential from wiper {5, to one diametrical
point 16 of the sinusoidally varying potentiom-
eter 17 and through a polarity reversing repeater
18 to the other diametirical point 77 of the po-
tentiometer i7. The repeater {8 reverses the
polarity of the voltage supplied to the potenti-
ometer 1T and preferably should have a voltage
gain of unity. The other diametrical points of
the potentiometer 17T are grounded as discussed
hereinabove. The wipers {8 and 20 of the po-
tentiometer {71 are moved in a counter-clockwise
direction from the point 18, in accordance with
the angle of the azimuth telescope shown in Fig.
3, when tracking the target. The potentiometer
1T may, if desired, be mounted directly on the

tracking mechanism and the wipers 19 and 20

may be directly attached to the azimuth track-
ing telescope, or they may be moved in accord-
ance with the movement of this telescope by
means of any convenient mechanism, such as
‘gearing, flexible shafting, Selsyn motors or other
devices.

The voltage from the repeater 16 is propor-
tional to the voltage between the wiper 15 and
ground, that is, the product of the range multi-
plied by the cosine of the angle of elevation, thus
the voltage of the wiper 19 with respect to
ground will be proportional to the product of
the range multiplied by the positive cosine of the
angle of elevation and multiplied by the positive
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sine of the angle of azimuth, that is, to the rec-
tangular coordinate yo.

The wiper 20 is at right angles to the wiper
19 which, as explained hereinabove in connec-
tion with the wiper 15, has the effect of multi-
plying the voitage applied to the potentiometer
1T by the cosine of the angle of rotation of the
wiper 20, thus the voltage of this wiper with re-
spect to ground will be proportional to the prod-
uct of the range multiplied by the positive cosine
of the angle of elevation multiplied by the posi-
tive cosine of the angle of azimuth, that is, to the
coordinate xo.

The converter shown in Fig., 4 has thus re-
ceived an electrical voltage proportional to the
range from the director to the target and angu-
lar indications of the angles of elevation and
azimuth measured by the tracking telescopes and
has converted these indications into positive
voltages with respect to ground proportional to
the rectangular coordinates o, 7o and vo of the
present position of the target with respect to the
director.

The predictors 2 may be of the type shown
in Fig. 7. The voltage corresponding to the co-
ordinate is supplied over the wire 21 to a circuit
22 which will produce the differential or time
derivative of the input voltage. These differen-
tiators may be of any desired form, such as those
shown in U, S. Patents 1,311,283, July 29, 1919,
R. C. Mathes, or 1,315,539, September 9, 1919,
J. R. Carson, or, preferably, of the type disclosed
in U. S. application Serial No. 391,332 to H. G.
Och and K. D. Swartzel, Jr., filed of even date
herewith. The differentiator disclosed in United
States application Serial No. 391,332 includes a
repeater of the type shown in Fig, 12 with a ca-
pacitor, connected from a tap in the feedback re-
sistor 98 to ground, to produce the differentiat-
ing action. The input lead 21, Fig. 7, is con-
nected to an input resistor, similar to the resistor
99 of Fig, 12. The output of the differentiator
22 will contain a component varying as the dif-
ferential of the input voltage, that is, the time
derivative of the particular rectangular coordi-
nate, and this voltage is supplied to the sum-
ming repeater 23. The summing repeater 23,
as shown in Fig, 12, may be a reverse feedback
amplifier having three amplifiers 90, 91, 92. As
the voltages to be summed up may be direct volt-
ages, or of low frequency, the coupling between
stages may be of the type shown in United States
Patent 1,751,527, March 25, 1930, H. Nyquist.
The cathodes are heated by conventional means,
not shown. The source 93 supplies power to the
anode circuits through the anode coupling re-
sistors 94, 85, 96. The first two stages may be
self-biased by the conventional resistors. The
circuit elements associated with the amplifier 92
are adjusted so that, in the absence of an ap-
plied signal, the voltage of the source 93 is wholly
lost, in the resistor 96 and the anode of the am-
plifier 92 is at ground potential, so that no volt-
age is produced across the output circuit. A
source of voltage 971, having the negative pole
connected to the cathode of amplifier 92 and the
positive pole grounded, maintains the anode cur-
rent of amplifier 92, A large value of reverse
feedback is supplied, through resistor 98 to the
input of the repeater. The large value of feed-
back reduces the apparent input impedance of
the amplifier 90 to a small value; thus a plural-
ity of voltages may be connected to the input of
the amplifier 90 through individual resistors,
such as resistor 99, without interaction. Because

10

20

30

40

50

60

8

of the large value of feedback, the amplification
of any input voltage is substantially independ-
ent of the voltage amplification of the amplifier,
and depends only on the ratio of the resistances
of the feedback resistor 98, and the input resis-
tor, such as resistor 99. As the repeater shown
in Fig. 12 has an odd number of stages, the input
voltage will be reversed in polarity. Thus a re-
peater of this type may be used for the polarity
reversing repeaters 18, 35, 31, and, as all simple
thermionic repeaters are inherently unilateral
devices, this repeater may also be used as the
isolating repeater 6. In many cases the output
of the differentiator will contain a component
varying directly in accordance with the input
voltage applied to the differentiator in addition
to the voltage varying as the differential of the
input voltage. To eliminate this undifferenti-
ated component, sufficient voltage is supplied by
the wire 24 to the summing repeater 23 in such
phase as to cancel out the effect of the undiffer-
entiated component in the amplifier 23 and give
across the potentiometer 25 a voltage varying
only with the differential of the input voltage.
The wiper of the potentiometer 25 is moved by
the shaft of the servo-motor shown in Fig. 10 in
accordance with the time of flight 4¢ from the
gun to the predicted position of the target, thus
the voltage between the wiper of the potentiom-
eter 25 and ground varies in accordance with a
factor having the form xo 3f. The voltage
supplied by the wire 26 will be proportional
to zo. A source of current 27 is supplied to a
potentiometer 28 having the mid-point of
the potentiometer connected to ground. The
wiper 29 is adjusted on the potentiometer 28 to
give a voltage having a magnitude and polarity
proportional to the coordinate from the point
of observation to the gun, that is, a coordinate
of the character xc. The voltages from the po-
tentiometers 25 and 28 and from the wire 26
are summed up in the summing repeater 30. The
output of this repeater 30 will be a voltage pro-
portional to To-tiodt+za. that is, to xzp, the rec-
tangular component of the predicted position of
the target with respect to the gun. Similar com-
ponents are summed up for the yp coordinates
and the vp coordinates.

In the present system, the potentials corre-
sponding to the coordinates xo, 7o, vo are positive.
The differentiator 22 reverses the polarity of the
differential, but the polarity of the differential is
again reversed by the summing repeater 23.
Thus, the potentials respectively corresponding
to the quantities xo, £0M, Ta or Yo, Yoit, ¥G or Vo,
$0AL, ve are all positive. The summing repeater
30 reverses these polarities, thus, xp, yp and vp
are negative potentials.

The coordinate converter 3 may be of the type
disclosed in Fig. 8. From Equation 1 by analogy,
we may write,

Ip=hp COS wf
Yp=Hhp sin w«t 6)

Multiplying both sides of the first equation by
sin «r, and the second eguation by cos «r and re-
arranging, we get
Tp sin «f—Hhp cOS «f sin ar=0
Yp €OS afj—hp sin as cos as=0

Subtracting these equations, we get

M

(8)

As described hereinabove, the coordinate con-
verter shown in Fig. 4 produces voltages propor-
tional to the rectangular coordinates xo, o, vo of

Ip sin af—Yp cos ay=0
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the present position of the target with respect
to the director., Each of these volages is modi-
fied by a predictor of the type shown in Fig. 7,
to produce a voltage proportional to one of the
rectangular coordinates xp, ¥p, vp of the predicted
position of the target with respect to the gun.
When controlled by the voltages proportional to
Tp and ¥p, the comparison device shown in Fig, 8
will rotate the wipers of the potentiometers 32
and 33 through an angle equal to «f, see Equa-
tion 8, the azimuthal angle at the gun between
the zp axis and the predicted position of the tar-
get. The device shown in Fig, 8 may conveni-
ently be a modification of the device disclosed in
United States Patent 2,003,913, June 4, 1935, E. C.
Wente, and comprises a motor geared to two pin.
ions rotatably mounted upon a common shaft.
Magnetic clutches are associated with each pin-
ion, so that, when a clutch is energized the re-
spective pinion will drive the common shaft,
The operation of the magnetic Clutches is con-
trolled by a comparison circuit 31. Voltages sup-
plied to this circuit are compared by the circuit
with a standard, and if there is a deviation from
the standard, the circuit 31 causes the operation
of one of the magnetic clutches to rotate the
shaft. As the voltages supplied to the compari-
son circuit 31 are derived from potentiometers
having their wipers rotated by the shaft, the
shaft will rotate, moving the wipers on the po-
tentiometers, until the voltages from the wipers
supplied to the circuit 3! equal the standard.
The circuit 31 then releases the operated clutch
and the shaft and wipers, displaced through an
angle proportional to the deviation from stand-
ard, come to rest. The potentiometers 32, 33
have windings, varying in resistance in accord-
ance with a sinuseidal function, similar to the
windings of potentiometers 11 and {1. The neg-
ative voltage varying with the zp coordinate is
supplied through the wire 34 fo one diametrical
point 80 of the winding of the potentiometer 33,
and through a polarity reversing repeater 35 to
the other diametrical point 81 of the winding
of the potentiometer 33. The function of the re-
peater 35 is to reverse the polarity of the volt-
age, in & manner similar to the operation of an
inverter tube, thus the repeater 35 should have
an odd number of stages and an over-all volt-
age gain of unity. In a similar manner a nega-
tive voltage varying with the y» coordinate is ap-
plied through the wire 36 to one point 82, and
through the reversing repeater 37 to a diametri-
cally opposite point 83 of the winding of the po-
tentiometer 32. The diametrically opposite in-
termediate points of the windings of the poten-
tiometers 32, 33 are grounded.

The potentiometers 32, 33 have windings of the
type shown in Fig. 6, and, as explained herein-
above in connection with potentiometers (1, 17,
due to the reversal of polarity of the voltage sup-
plied to one half of the winding, the voltage drop
around the complete winding of potentiometer
32 or 33 varies as a complete sine function. The

wipers 38, 41 and 39, 42 rotate counter-clockwise
from a 2zero angle at the points 84, 85. The
wipers 38 and 42 will thus have positive voltages
above ground proportional to the positive sine
of the angle of rotation. A positive cosine func-
tion is identical with a positive sine function
which it leads by a right angle, thus the wiper
41 will have a positive voltage proportional to
the positive cosine of the angle of rotation., Dis-
placing a cosine function through two right an-
gles reverses the sign of the function, thus the
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wiper 39, which is diametrically opposite to the
wiper 41 will have a negative voltage propor-
tional to the negative of the cosine of the angle
of rotation. The angle of rotation of the wipers
will be continually adjusted by the comparison
circuit 31 until a balanced condition is attained.
The wiper 38 will have a voltage with respect to
ground proportional to zp sine «f, and the wiper
39 will have a voltage with respect to ground
proportional to —yp cos «f. The voltages from
the wipers 38 and 39 are added in the device 40,
which is of the type shown in Fig, 12 and sup-
plies a voltage proportional to Tp sin af —¥p cOS «f
to the control circuit 34, which energizes the ap-
propriate clutch to cause tlie rotation of the
shaft moving the wipers 38 and 39 to such a po-
sition that this voltage is reduced to zero. The
wipers 38, 39, 41, 42 have thus been rotated
through the angle «f.

Equation 8 has as solutions

ay=tan— 1% 9

which is a multiple valued function. If «f rep-
resents the smallest angle that will satisfy (9)
then ajpotnw, n=1, 2, 3, are also solu-
tions. However there are only two distinct points
on the circle represented in this set of solutions
i. e., those corresponding to n=0 and n=1. It
can be shown that if the servo motor is connected
s0 as to correct for deviations in the neighbor-
hood of the desired root then the second root
becomes unstable. If the brushes happen to be
set on this root when the circuit is energized it
will remain at that position only long enough
for a small deviation to appear. This deviation
will be amplified and will cause the motor to
move the brush but it will move away from the
unstable root and come to rest on the correct
solution 180 degrees away. Thus in spite of the
fact that the equations have two significant so-
lutions the device will come to rest on only the
desired one and there is no ambiguity in the
solution.

From Equations 1 and 2 it follows

Tp=Hhp COS ay (10)

Yp=~hp sin ay

Multiplying the first equation by cos ar and the
second equation by sin af, we get

Zp COS af==Rp COS? as 11
Yp Sin ay=Hhp sin2 af
Thus

Zp COS af-+Yp sint af—Rp=0

Thus by placing a second wiper 41 on the poten-
tiometer 33 at 90 degrees to the wiper 38 and a
second wiper 42 on the potentiometer 32 also ai
90 degrees to the wiper 39 we may derive from
the potentiometer 33 a positive voltage varying
with zp cos «r and from the potentiometer 32 a
positive voltage varying with yp sin «f and these

“voltagés may be summnied up and reversed impo-———— —

larity in the repeater 43 to give a negative voltage
proportional to the horizontal range from the
gun to the predicted position of the target. In
Equation 8 we have a sine term minus a cosine
term, whereas in Equation 11 we have a sine
term plus a cosine term. To correctly indicate
this difference the wiper 41 on the potentiometer
33 is placed 180 degrees from the corresponding
wiper 39 on the potentiometer 32 so as to produce
this required reversal of sign in the two equa-
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tions. The motion proportional to «f, which is
the angle of azimuth to be applied to the gun,
may be communicated to the guns in any desired
manner. .

In Fig. 1, due to the curvature of the tra-
jectory, the gun is elevated, not to the elevation
angle Ep of the predicted position Tp of the
target, but to the quadrant elevation, or firing
elevation angle Er, to a point above the target.
The principal force tending to curve the trajec-
tory is the attraction of gravity, which produces
a displacement proportional to the square of the
time interval during which it acts upon the shell.
The friction of the air also affects the curvature
of the trajectory, and this effect is found to ke
proportional to the predicted height of the tar-
get. Thus, the superelevation

o5 =39(A0(1+ Kop)

where K is a factor determined from the firing
tables for the particular gun and ammunition,
and ¢ is the acceleration due to gravity.

In Fig. 9 a source of voltage 45 is applied
through attenuators 46 and 41 to the winding of
potentiometer 48. The potentiometer 48 is
wound to have a resistance varying with the
quadratic function in accordance with the vari-
ation of the superelevation of the gun with the
time of flight of the shell. A wiper 49 is moved
over this potentiometer in accordance with the
time of flight of the shell from the gun to the
predicted position of the target. The attenu-
ators 46 and 47 reduce the voltage from the
source 45 so that the voltage 49 will have the
proper scale. The voltage from the wiper 49 is
supplied to the summing repeater 50. A nega-
tive voltage from the predictor, Fig. 7, propor-
tional to the coordinate vp is supplied by the wire
51 also to the summing repeater 56. The voltage
from the wire 51 is also applied through the re-
sistance 52 to the potentiometer 48 and supplies a
voltage proportional to Kvp in accordance with
the required function of superelevation. The
summing repeater 50 will have a positive output
voltage proportional to the apparent vertical
component vs due to the superelevation of the
gun. The output voltage of the repeater 50 is
versed in polarity by the repeater 80 to produce
a negative voltage proportional to —uvs.

The negative voltage from the coordinate con-
verter 3 proportional to kp, the horizontal pro-
jection of the predicted position of the target
with respect to the gun, and the negative voltage
from the summing repeater 80 of Fig. 9, propor-
tional to vs, the vertical component of the super-~
elevated position of the gun, are supplied to the
coordinate converter 6, similar to the converter
shown in Fig. 8. The negative voltage propor-
tional to hp has the same sign as the negative
voltage proportional to zp and the negative volt-
age proportional to vs has the same sign as the
negative voltage proportional to yp. With zero
angle at points 84, 85 and counter-clockwise ro-
tation, the wiper 38 selects a voltage proportional
to +np sin e and the wiper 39 selects a voltage
proportional to —vs cos er. The voltages selected
by the wipers 38, 39 are algebraically added in
the repeater 40, and the difference is supplied to
the circuit 31 which controls the magnetic
clutches to rotate the shaft moving all the wipers
until the difference is reduced to zero and the
wipers have been moved to the angle . The
voltages from the wipers 41 and 42 respectively
proportional to +Ap cos ¢ and 4-v. sin ¢ are
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added, and reversed in sign, in the repeater 43,
to produce an output voltage proportional to
—1p, Which is approximately equal to —rp, the
range from the gun to the predicted position of
the target.

From the firing tables for a typical gun and
ammunition, the time of flight Af#, of the shell
was found to be closely, but not exactly, propor-
tional to the slant distance r». By combining
with the value of r» small corrections propor-
tional to hp and vs a value exactly propor-
tional to Af is obtained.

The time of flight of the shell, A¢, will depend
upon the length of the trajectory and the speed
of the shell along the trajectory. To a first ap-
proximation, the length of the trajectory may be
assumed to be equal to rp, and, if the speed S
of the shell were constant, sAt=rp. But as the
speed of the shell varies from one trajectory to
another, the time of flight will depend, not only
on rp but also on e¢r. The exact relationships be-
tween the time of flight, slant range and quad-
rant elevation are given in the firing tables for
the gun used. From a study of these tables the
following empirical relationship was deduced:
FiQAD) =hs cos e+Vs sin eg—hsf2(At) 4 Vsfa(AD).
But, &; cos ¢+Vs sin e/=re, and hy=hp, thus
f1 (ALY —ro—hpf2 (AD) 4-Vsfz (Af) =0. The func-
tions fi1, f2 and f3 are substantially linear, and
may be exactly determined from the firing tables
for any particular gun.

As shown in Fig. 10, the voltage Ap from the co-
ordinate converter 3, shown in Fig. 8, is sup-
plied to the potentiometer 53, the voltage wvs
from the network 5 is supplied to the potentiom-
eter 54. The wipers of these potentiometers are
moved by the shaft of the servo-motor 56 in ac~
cordance with Af, the time of flight of the shell,
and the voltages produced on these wipers are
summed up in the summing repeater 55, together
with the voltage ro from the coordinate converter
6, shown in Fig. 8, and a comparison voltage
from the wiper of potentiometer 61. The out-
put voltage of the repeater 5% is supplied to a
servo motor 56 of the type described in connec-
tion with Fig. 8, and this servo motor adjusts the
wipers of the potentiometers 53, 54 and 67 to
maintain the output voltage of the repeater 55
constant. The wipers of the potentiometers 25
in the predictors, Fig. 7, of the potentiometer 48
in the superelevator, Fig. 9, are all mounted to be
driven by the shaft of the servo motor 56 and
adjusted simultaneously with the adjustment of
the wipers of the potentiometers 53 and 54 in
Fig. 10.

In Fig. 11 a source 57 supplies voltage to the
winding of the potentiometer 58. The wiper of
the potentiometer 58 is controlled by the servo
motor 56 of the ballistic corrector 1, Figs. 2 and
10, to move in accordance with Af, the time of
flight of the shell from the gun to the predicted
position of the target. The voltage selected by
the wiper of potentiometer 58 is continuously
proportional to the present time of flight, that is,
assuming the gun were fired at the present in-
stant, the time which the shell would take to
reach the target. But, after the fuse is cut, the
shell must be loaded into the gun, the breech-
block closed and the gun fired. The time inter-
val T from the present time till the gun is fired
is known as the dead time. The fuse number Z
is proportional to the value which the time of
flight will have after the lapse of the dead time.
The continuously varying values of the present .
time of flight are extrapolated over the dead time
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by Taylor’s series. Thus, if Z be the fuse num-
ber and T the dead time, then
Z(At+T)=Z(Al) + Z(At) T

The voltage on the wiper 58 is supplied to a
differentiator 59 of the type described in connec-

tion with Fig. 7. The output of the differenti- .

ator 59 together with a compensating voltage
from the wiper 58 is supplied to the summing
repeater 60, and the output of the repeater 60,
varying in accordance with the differential of the
time of flight, is applied to the potentiometer 61.
The wiper of the potentiometer 61 is adjusted in
accordance with the arbitrary assumed dead time
to lay the gun, set the fuse and fire the gun. A
source 62 supplies voltage to the balanced poten-
tiometer 63. The wiper of the potentiometer 63
is moved by a servo motor 64 similar to the servo
motors previously described. A voltage from the
wiper of the potentiometer 58, a \m‘ége from the
wiper of the potentiometer 61 and a voltage from
the wiper of the potentiometer 63 are summed up
in the summing repeater 65 and supplied to the
servo motor 64, which will adjust the wiper of the
potentiometer 62 to balance the voltages. As the
resistance of the winding of the potentiometer 63
is varied in accordance with the empirical rela-
tionship between the time of flight of the shell
and the units used to indicate the setting of the
fuse, the position of the wiper of the potentiome-
ter 63 will indicate the setting to be applied to
the fuse and this information may be transmitted
in any desired manner to the gun, or may con-
trol some power transmitting mechanism, such
as a Selsyn motor or a servo motor driving an
automatic fuse setting machine or mechanism.
The summing repeaters 23, 30, 40, 43, 50, 55, 60
and 65 may all be of the type shown in Fig. 12.

What is claimed is:

1. In an artillery director, means directly con-
trolled by observation of a target for producing
a first voltage with respect to ground proportional
to the slant distance from an observation point to
said target, means moved in accordance with the
directly observed angles of elevation and azimuth
of said target with respect to said point and an
arbitrary axis, means for deriving from said first
voltage and said angular motions other voltages
with respect fo ground proportional to the rec-
tangular coordinates of said target with respect
to said point, thermionic means for deriving from
said coordinate voltages other voltages with re-
spect to ground proportional to the rates of
change of said coordinates, means for selecting
from said rate voltages other voltages with re-
spect to ground proportional to the predicted in-
crements in said coordinates, thermionic means
for algebraically adding said coordinate and said
increment voltages, and electromechanical means
controlled by the sums of said voltages to move
proportionally to the angles of elevation and azi-
muth of the predicted position of said target and
to produce a voltage proportional to the slant

2. In an artillery director, means directly con-
trolled by observation of a target for producing
a first voltage with respect to ground propor-
tional to the slant distance from an observation
point to said target, means moved in gccordance
with the directly observed angles of elevation and
azimuth of said target with respect to said point
and arbitrary axes, means for deriving from said
first voltage and said angular motions other volt-

ages with respect to ground proportional to the
3 L
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rectangular coordinates of said target with re-
spect to said point and said axes, means for de-

 riving from said coordinate voltages other voltages
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with respect to ground proportional to the pre-
dicted increments in said coordinate voltages dur-
ing a predicted time interval, thermionic means
for algebraically adding said coordinate voltages
and said increment voltages and electromechani~
cal means controlled by the sums of said voltages
to move proportionally to the angles of elevation
and azimuth and to produce a voltage propor-
tional-to the slant distance to the predicted posi-
tion of said target.

3. In a system for directing a shell from a gun
to a moving target, means directly controlled by
observations of said target for producing voltages
with respect to ground proportional to the coor-
dinates of the present position of said target with
respect to said gun, adjustable electrical means
for deriving from said present position voltages
other voltages with respect to ground propor-
tional to the coordinates of the future position of
said target with respect to said gun after the
lapse of the time of flight of said shell from said
gun to the future position of said target, and
electromechanical means controlled by said fu-
ture position voltages to move proportionally to
the elevation and azimuth angles of the future
position of said target and the time of flight of
said shell, said electrical means being adjusted
only by said time of flight means.

4, In a system for directing a shell from a gun
to a target, electrical means controlled by obser-
vation of the present position of said target form-
ing a source of a first voltage with respect to
ground proportional to the predicted elevation of
said target, a source of a second voltage, a re-
sistor connected to said first source of voltage,
a potentiometer having a grounded winding vary-
ing in resistance with a quadratic function con-
nected acroess said second source, the ungrounded
end of said winding being connected to said re-
sistor and a brush adjusted to select a voltage
proportional to the linear height of the superele~
vated line of said gun above said target, and ther-
mionic means for adding the voltages from said
first source and said brush to produce a voltage
proportional to the superelevated height of the
line of fire to said target.

5. In a system for indicating the time of flight
of a shell from a gun to a target, a source of a
first voltage with respect to ground proportional
to the horizontal distance from said gun to the
projection of said target, a first potentiometer
having a grounded winding connected to the
source of said first voltage and a first brush, a
source of a second voltage with respect to ground
proportional to the superelevated height of the
line of fire to said target, a second potentiometer
having a grounded winding connected to the
source of said second voltage and a second brush,
a source of a third voltage with respect to ground
proportional to the slant distance to the superele~
vated point on said line of sight vertically above

“said target, a source of a fourth voltage; a third

potentiometer having a grounded winding con-
nected across the source of said fourth voltage
and a third brush, thermionic means for alge-
braically adding the voltages from said three
brushes and from said third source, and a motor
connected to said thermionic means and con-
trolled by the sum of said voltages to move said
three brushes to make the sum of said voltages
zero, whereby the rotation of said motor is pro-
portional to the time of flight of said shell,
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6. In a system for directing a shell from a
gun to a target, computing elements continuously
controlled by observation of said target includ-
ing motor means rotated in accordance with the
present time of flight of the shell from the gun
to a predicted position of the target, a source of
a first voltage, a first potentiometer having a
grounded winding connected across said source
and a first brush moved by said motor to select
a second voltage proportional to the present time
of flight, first thermionic means connected to
said first brush to produce a third voltage propor-
tional to the rate of change of said second volt-
age, resistance means connected to said first ther-
mionic means to fractionate said third voltage
in proportion to the estimated time interval from
the present time to the firing of the gun, second
thermionic means connected to said first brush
and said resistance means, a motor connected to
said second thermionic means, a source of a fourth
voltage, a second potentiometer having a ground-
ed winding connected across the source of said
fourth voltage and a second brush connected to
said second thermionic means and adjusted by
said motor to make the output of said thermionic
means zero, whereby the position of said second
brush is proportional to the fuse number corre-
sponding to the time of flight of said shell at the
time of firing of said gun.

7. In a system for directing a shell from a gun
to target, computing means continually con-
trolled by observations of said target to produce
a first voltage proportional to the present time
of flight of the shell from the gun to a predicted
position of the target, electrical means connected
to said computing means to produce a second
voltage proportional to the rate of change of said
first voltage, means connected to said electrical
means fractionating said second voltage toproduce
a third voltage proportional to the estimated time
to load and fire the gun, a motor, thermionic
means having an input circuit connected to said
computing means and said fractionating means
and an output circuit connected to said motor for
adding said first and said fractionated voltages
to produce a fourth voltage proportional to the
corrected time of flight of said shell, a source of
a fifth voltage, a potentiometer having a winding
varying in resistance with the functional rela-
tionship between time of flight and fuse number
connected across the source of said fifth voltage
and g brush connected to the input circuit of said
thermionic means and rotated by said motor to
make the output voltage of said thermionic means
zero, whereby the rotation of said brush is pro-
portional to the fuse number of said shell.

8. In a coordinate converter, a source of volt-
age, a network connected to said source having
one grounded terminal and two free terminals,
adjustable means in said network for impressing
on said free terminals equal voltages of opposite
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polarity with respect to ground proportional to
the hypotenuse of a right trlangle, a winding
formed in two sections, each section varying in
resistance with g sinusoidal function and shaped
to an arc of a circle, the ends of each of said sec-
tions being respectively connected to said free
terminals and the points of maximum variation
of resistance of said sections being grounded,
two insulated wipers supported at right angles re-
spectively in contact with the sections of said
winding and mechanism for rotating said wipers
about the center of said circle proportionally to a
base angle of said triangle to respectively select
voltages with respect to ground proportional to
the sides of said triangle.

9. In a coordinate converter, a source of volt-
age, a network connected to said source having
one grounded terminal and two free terminals,
adjustable means in said network for impressing
on said free terminals equal voltages of opposite
polarity with respect to ground proportional to
the slant distance from a point to an object, a
first winding formed in two sections, each section
varying in resistance with a sinusoidal function
and shaped to an arc of a first circle, the ends of
each of said sections being respectively connected
to said free terminals and the points of maximum
variation of resistance of said sections being
grounded, a first and a second insulated wiper
supported at right angles respectively in contact
with the sections of said first winding, mecha-
nism for rotating said first and second wipers
about the center of said first circle proportionally
to the angle of elevation of said object with re-
spect to said point to respectively select volt-
ages with respect to ground proportional to the
horizontal distance from said point to the pro-
Jjection of said object and the height of said ob-
ject, polarity reversing thermionic means, a sec-
ond winding formed in two sections, each section
varying in resistance with a sinusoidal function
and shaped to an arc of a second circle, said first
wiper being connected directly to one end of each
of said sections and through said polarity re-
versing means to the other end of said sections,
a third and a fourth insulated wiper supported at
right angles respectively in contact with the sec-~
tions of said second winding, mechanism for ro-
tating said third and fourth wipers about the
center of said second circle proportionally to the
azimuth angle between an arbitrary axis and the
vertical plane containing said point and said ob-
ject to respectively select voltages with respect
to ground proportional to the horizontal rectan-
gular coordinates of the projection of said ob-
ject with respect to said point.
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